Glycerol and trehalose-glycerol binary solutions are glass-forming liquids with remarkable bioprotectant properties. Incoherent quasielastic neutron scattering (QENS) is used to reveal the different effects of nanoconfinement and addition of trehalose on the molecular dynamics in the normal liquid and supercooled liquid phases, on a nanosecond timescale. Confinement has been realized in straight channels of diameter D=8 nm formed by porous silicon. It leads to a faster and more inhomogeneous relaxation dynamics deep in the liquid phase. This confinement effect remains at lower temperature where it affects the glassy dynamics. The glass transitions of the confined systems are shifted to low temperature with respect to the bulk ones. Adding trehalose tends to slow down the overall glassy dynamics and increases the non-exponential character of the structural relaxation. Unprecedented results are obtained for the binary bioprotectant solution, which exhibits an extremely non-Debye relaxation dynamics as a result of the combination of the effects of confinement and mixing of two constituents.
Introduction
The glass transition and the molecular dynamics of fluids can be markedly different under confinement in mesoporous materials. Although this fact is revealed by a large amount of experimental and numerical data, 1,2 these data also reveal numerous contradictory expressions of nanoconfinement effects. For instance the glass transition temperature (T g ) usually decreases in confinement but may also remains constant or increases. 1, 3, 4, 5, 6, 7, 8 Non-monotonic dynamical heterogeneities for bulk glass-forming system. 22 In confinement, molecular dynamics simulations provide a microscopic insight into the molecular dynamics, which allows attributing the additional broadening of the distribution of relaxation times to a spatially highly inhomogeneous dynamics in the pore. 21 Despite the number of interpretations proposed in literature, the problem of the molecular dynamics of nanoconfined fluids is still an open question. It certainly stresses the existence of many competing effects, the relative contributions of which depend on the characteristics of the system. Surface effects have been generally invoked and can be crucial according to the large surface-to-volume ratio of mesoporous materials. It is based on the introduction of a boundary condition, which is experienced by the molecules at the surface of the pore. This interfacial condition depends on the fluid-wall interaction and the roughness of the interface.
It could either concern only the population of molecules localized at the interface (two-states situation) or propagate to the inner pore via a mechanism mediated by the extension of regions of dynamically correlated molecules. 11, 12, 13, 16, 21 Another major issue concerns the thermodynamic state of the confined phase, which may differ from the bulk one in terms of structure or density. 9, 23 The structure of H-bonding fluids is likely to be more sensitive to confinement since they develop interfacial and intermediate range orders. 24, 25 Differences in density can be induced by surface tension and also because the timescale for density equilibration through a liquid flow within the porous material exceeds the experimental one at low temperature. 5, 9, 26 Finally, finite size is expected to prevent the extension of any correlation length beyond the pore size. This potential effect is pertinent to supercooled liquids since the glassy dynamics is commonly associated to the growth of nanometric cooperative rearrangement regions or frustration limited domains. 27, 28 However, a definite signature of such intrinsic geometrical confinement effects seems elusive because of the complex entanglement with the above mentioned dominant effects.
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Although there is still a lot of discussion even in the case of pure low-molecular weight simple glass-forming liquids, we are convinced that it is timely to extend the problem of nanoconfinement to more complex fluids. The latter are more relevant to different domains of technological or biological interest and also they can pose new questions for fundamental research. One example concerns mesogenic fluids, the phase transition and glass-like dynamics of which have been shown to be sensitive to confinement induced quenched disorder effects and low dimensionality. 29, 30, 31 Another example of such fluids is bioprotectant solutions, 32, 33 which are used to prevent proteins and biological membranes from irreversible damage under drastic stress environmental conditions (e.g. drying or freezing conditions).
They are often binary systems with strong and selective H-bond interactions (like sugar-water or sugar-polyalcohol solutions), which can lead to an unusual behavior under nanoconfinement. For instance, concentration fluctuations can be amplified by a possible asymmetric affinity of one particular constituent with the pore surface. In the case of glassforming constituents with very different T g , the relaxation dynamics of the mixture in the liquid phase is expected to cover a very broad range of characteristic times. As an indirect sign, the scrutiny of the resulting T g of the bulk solution versus concentration can reveal its non regularity (departure from the Gordon-Taylor law). 34, 35 Here again, these effects are expected to be strongly affected by nanoconfinement.
The aim of this paper is indeed to identify some generic features related to confinement and interfacial effects on the molecular dynamics of bioprotectant solutions. This investigation is performed in controlled model conditions by using porous silicon material as a confinement matrix. It has been shown to provide unique experimental conditions to study nanoconfined complex fluids due to the low dimensionality of its macroscopically oriented pores. 30 highlighted by experiments and simulations for their optimal biopreservation properties. 41, 42 Incoherent quasielastic backscattering experiments are performed on fully hydrogenated pure glycerol and a glycerol-trehalose binary solution (80%:20% Wt) both in bulk and confined in nanoporous silicon layers. The effects of adding trehalose and confinement effects on the structural relaxation dynamics in the liquid state are discussed from the analysis of the dynamic structure factor. The consequences on the dynamical arrest of the relaxation dynamics on approaching the glass transition are revealed by the analysis of elastic fixed window temperature scans on cooling.
Experimental procedure

Samples
Porous silicon matrices were made from a crystalline silicon substrate using an electrochemical anodization process in a HF electrolyte solution. 
Quasielastic neutron scattering
Quasielastic neutron scattering experiments were carried out with fully hydrogenated samples using the high resolution back scattering spectrometer (BS) IN16 at the Institut Laue Langevin (Grenoble). 48 For the two molecular fluids, the contribution from the incoherent cross section corresponds to more than 93% of their total scattering cross section. It means that, after appropriate subtraction of the intensity arising from the sample environment and PSi, the contribution to the measured scattering intensity from coherent scattering can be 
Results and discussion
Molecular dynamics in the high temperature liquid phase.
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Quasielastic neutron scattering experiments have been used to investigate confinement effects on the molecular dynamics on a typical timescale from 0.1 to 2 nanoseconds. The scattering intensity from the fully hydrogenated molecules essentially corresponds to the incoherent scattering function S inc (Q,ω), which allows to probe the self-correlation of the hydrogen motion. This function is commonly approximated by Eq. 1 :
In this expression, A(Q) stands for the elastic incoherent structure factor coming from restricted motions, S quasi (Q,ω) is the quasielastic response of slow molecular relaxations, and the contribution of the fast vibrational modes is approximated by the Debye-Waller factor expressed as an overall intensity loss expressed by the vibrational mean square displacement 2 u .
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The incoherent scattering function has been measured for the four systems at T=310 K, in order to characterize the liquid dynamics above the glass transition temperature, as shown in ( )
This stretched-exponential law is recognized as a convenient empirical way to reproduce the relaxation functions of glass-forming materials. This single function usually better reproduces the experimental data than a discrete combination of different modes (translation, rotation…), which are most probably coupled in the case of glass-forming liquids. 51, 52 τ K hal-00356033, version 1 -26 Jan 2009 stands for the characteristic relaxation time, whereas β K reflects the non-Debye character of the relaxation function and the average relaxation time is
This procedure provides good fits of the data for the four systems as shown as solid lines in Fig. 3 . In a first step, both τ K and β K values were fitted for each Q values. Since no significant and systematic Q dependence of the β K exponents were observed, in a second step, they have been fixed for each sample to an average value and only τ K (Q) values were refined.
The value of β K exponents for pure glycerol is about 0.6. Different values for the β K exponent have been reported for pure glycerol. As reported in ref. 53 , the shape of the relaxation function may depend on the experimental method used to probe the liquid dynamics. In fact, the value in our study is in full agreement with previous quasielastic neutron scattering experiments performed on a larger temperature range and using timetemperature superposition principle (0.58±0.02). It is well-known that the stretched exponential relaxation function may be expressed within two different scenarios, corresponding to the limiting cases of heterogeneous and homogeneous dynamics. 22 The homogeneous scenario assumes that the relaxation process is intrinsically of non-Debye type. On the contrary, the heterogeneous scenario relates stretching The marked decrease of the β K exponent in the binary system as compared to pure glycerol is most probably a direct consequence of a more heterogeneous dynamics. The bulk solution is composed of two glass-forming molecules with very different glass transition temperatures.
The calorimetric glass transition of the solution depends strongly on the concentration. 38 The local molecular dynamics can be affected likewise by the existence of concentration fluctuations at the nanometer scale, which are inherent to binary solutions. Moreover, this tendency to form spatial heterogeneities is amplified by the H-bonding character of the two molecules, which usually favors the formation of transient networks and clusters of mesoscopic size. 55 Indeed, trehalose and homologous dissacharide aqueous solutions are known to develop structural inhomogeneities, in terms of clusters and transient H-bond networks. 56 They are probably responsible for the major part of the broadening of the distribution of times of the structural relaxation with respect to neat glycerol.
Confinement also leads to a reduction of the β K exponent. This observation is in agreement with previous QENS experiments and molecular dynamics simulations of other nanoconfined glass-forming liquids. 19, 21 This increase of the non-Debye character of the relaxation is likely to be attributed to the formation of spatial heterogeneities within the pore, which dynamical parameters depend on the distance to the pore surface. There are indeed an increasing number of experimental and numerical evidences that the dynamics of a confined fluid is spatially heterogeneous. 16, 19, 21, 57, 58, 59 The case of the confined trehalose-glycerol solution is very striking, leading to a very small β K exponent (β K =0.4). For a binary glass-forming liquid, it is not excluded that dynamical heterogeneities can be amplified by non-homogeneous concentration distribution profile across the pore diameter. Figure 4 shows the Q-dependence of the average relaxation rate 1/<τ>. This quantity is preferred to τ K , since it is much less sensitive to statistical uncertainties induced by numerical correlations between τ K and β K in the fitting procedure. Power law fits of τ give
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with an exponent close to ν=2. A value of ν slightly larger than 2, is also encountered for another polyalcohol, ethylene glycol.
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FIG. 4:
Average relaxation time τ as a function of the transfer of momentum Q obtained from the incoherent quasielastic spectra at T =310 K for pure glycerol and the glyceroltrehalose solution in bulk and confined in porous silicon. Dashed lines superimposed on bulk glycerol data emphasize the cross-over between two different power law variations.
In the case of pure glycerol a departure from this single power law is observed at low Q (Q<1 Å -1 ), leading to a steeper Q-dependence. This feature has already been reported for bulk glycerol and more usually in glass-forming polymers. the shape of the van Hove self correlation function does not hold anymore. In fact, our observation supports the idea of a possible non-Gaussian to Gaussian cross-over around the location of the main diffraction peak, as already discussed for pure glycerol. 54, 62 It highlights the coupling of the self-diffusion to the structural relaxation on the time and length scales probed by QENS. The analysis of this feature, including the case of a binary mixture and confined systems goes beyond the scope of the present paper, but will be discussed in a future study combining ongoing molecular dynamics simulations. From the dispersion curve, one can obtain an average diffusion coefficient <D>=1/(<τ>Q 2 ), as already described for other liquids, such as confined water. 64 The values of <D> at the temperature T=310 K are reported for the four samples in 65 The addition of 20 percents trehalose considerably reduces the average diffusion coefficient of the solution, which is ten times smaller than for pure glycerol.
Moreover, the diffusion coefficients under confinement are systematically about 1.5 larger than for the bulk liquids (see Table 1 and also Fig. 4 ) both for the pure and the binary solution. This result demonstrates that the microscopic molecular dynamics is already affected by confinement in the normal liquid phase above the melting point. 
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Variable temperature fixed window scans
In order to monitor the molecular dynamics from the liquid to the glassy state, elastic fixed window scans (EFWS) have been acquired during cooling from 350 K to 10 K, as shown in Conversely, confinement leads to an apparent shift to lower temperature of the elastic intensity of about ΔT= -7 ±2 K when measured a half maximum intensity. Interestingly, the confinement effect cannot be described by a simple temperature shift. Indeed, the slope of the elastic intensity as a function of temperature is smaller in confinement than in bulk in the temperature region where the time scale of quasielastic relaxation processes crosses the instrumental resolution (i.e. between 300 K and 250 K for glycerol and between 330 K and 270 K for the binary solution). This feature is observed for pure glycerol and for binary solution. As a consequence, the difference of the elastic intensity between bulk and confined pure glycerol keeps increasing on decreasing temperature from about 300 K to 250 K and approaching the glass transition. The situation of the trehalose-glycerol solution is even more striking, since the two elastic intensities cross at about 325 K. This observation is of central interest to understand confinement effect. A broadening of the transition region could reflect a broader distribution of relaxation times related to a higher degree of heterogeneity of the dynamics in confinement. In addition, it may arise from an increasing deviation between the dynamics of the bulk and confined liquid during cooling on approaching the glass transition.
It is also remarkable that the elastic intensity vanishes or is very small at 350 K for the two confined fluids (i.e. 50-60 K above T g of bulk glycerol). This differs from previous neutron spin echo and neutron backscattering experiments on confined liquids, which show a remaining elastic intensity well above the glass transition: more than 20% of elastic intensity hal-00356033, version 1 -26 Jan 2009 intensity 30 K above the clarification point for a mesogenic liquid 8CB in PSi. 20, 31 This remaining apparent elastic contribution is commonly attributed to a fraction of the confined liquid, most probably located near the solid interface, which is immobile on the time scale of the experiment. Such surface induced blocking effect on the molecular dynamics is obviously of smaller importance in our case, probably because of a smaller surface to volume ratio or a different nature of the surface interaction.
Low temperature mean square displacement
At low temperature, the quasielastic lines due to relaxation processes are not broad enough to be discriminated from a true elastic peak within the experimental resolution. Vibrational modes lead to an inelastic contribution, which is outside the energy range covered by BS.
They also lead to a reduction of the elastic intensity, which allows one to measure the mean square displacement (MSD) <u²> of vibrational modes from a linear regression of the logarithm of the elastic intensity as a function of Q 2 on a Q-range from 0.7 Å -1 to 1.9 Å -1 according to 
Summary and conclusions
We have investigated the dynamics of pure glycerol and a trehalose-glycerol binary solution in bulk and confined situations. The incoherent dynamic structure factor measured by QENS has provided information on the proton self-motion in the liquid phase well above Tg It is noteworthy that the overall measurements provide a same qualitative depiction of trehalose and confinement effects on the dynamics of the glycerol solution. This is also in agreement with ongoing NMR and dielectric spectroscopy studies on the same materials.
Erreur ! Signet non défini., 70 Trehalose significantly slows down the dynamics of the glycerol solution. At T=310 K in the liquid phase, it corresponds to a decrease of the average self diffusion coefficient by a factor of ten. This effect persists on decreasing temperature and affects the glassy dynamics, as reflected by a significant shift to high temperature of the EFWS (ΔT g ≈20 K). This confirms the so-called 'switching-off' effect of trehalose, which has been related to its exceptional biopreservative efficiency. We note that this feature is likely to be amplified for a multi-constituent system with nonsymmetric fluid-wall interactions.
These overall results (e.g. change of the average relaxation time and broadening of the relaxation distribution) agree with ongoing solid-state NMR and dielectric experiments on the same systems. 22, 70 Such features have been frequently reported for other systems and often discussed with respect to some predictions about finite size effects. However, we note that these observations are not systematic among different systems and a unifying picture is certainly missing. 1, 2, 4, 6, 7 It is also possible that the observed confinement effects on the glassy dynamics result from a modification of some other physical properties of the confined liquid (such as density, rheology or H-bonds induced intermediated range order), which indirectly affects the structural relaxation. range relaxation processes in glycerol-aerosils dispersions well above T g , which suggest that confinement may lead the confined glass-forming liquid to a frustrated state with different physical (static or dynamical) properties. 71, 72, 73 For pure glycerol, our results emphasize significant confinement effects on the structural relaxation deep in the liquid phase as well as on the glassy dynamics on cooling, which relation to bulk mesoscopic dynamical heterogeneities is to be unraveled. We have also reported unprecedented manifestation of an amplified non-Debye character of the relaxation function for the binary bioprotectant solution that goes beyond the case of pure glycerol.
Molecular simulations are required in order to scrutinize potential mesoscopic inhomogeneities related to concentration fluctuations and specific interfacial interactions.
hal-00356033, version 1 -26 Jan 2009 Table 1 Average diffusion coefficient and Kohlrausch stretching exponent obtained from the incoherent quasielastic neutron backscattering function at a temperature T = 310 K.
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Bulk trehaloseglycerol 
